We investigated the social organization of Bonin flying foxes (Pteropus pselaphon) in a roost and the seasonal shift of roosting sites in relation to the reproductive cycle on Chichi-jima Island, Ogasawara (Bonin) Islands, Japan. Using radiotracking, we found that flying foxes formed a colonial roost in a specific area of the island during winter and were more widely dispersed in summer. Although summer roosts were used by solitary flying foxes or nursing females, the winter roost consisted of about 100 individuals. Flying foxes formed ball-shaped, dense clusters in the winter roost. We found 6 roosting groups of clustered bats classified into 3 groups in relation to sex and age: 1) multiple females with a few males, 2) multiple males, and 3) subadults of both sexes. Copulation attempts were not observed in the summer roosts but frequently were observed in type 1 groups in the winter colonial roost. Based on the emergence of newly born pups and the estimated period of pregnancy, fertilization is likely to occur in the winter colonial roost. We conclude that the winter colonial roost plays an important role as a mating site.
Animals living in groups benefit from aggregation. For example, improved foraging efficiency and predator avoidance are benefits, but they must compensate for costs such as higher rates of ectoparasite transmission and competition for food, mates, or other resources (reviewed by Krebs and Davies 1993) . Danchin and Wagner (1997) proposed a set of hypotheses suggesting that the benefits of coloniality are not essential to the evolution of colonies and instead, colonies form as a by-product of habitat selection and sexual selection of individuals.
Degrees of aggregation and mating systems in roosts vary among species of Pteropus (Kunz and Lumsden 2003) , including solitary and small colonial roosts of up to a dozen individuals, and monogamy in Samoan flying foxes (P. samoensis-Brooke 2001; Brooke et al. 2000) ; colonial roosts composed of several thousand individuals and year-round harems in Pacific flying foxes (P. tonganus- Brooke et al. 2000; Grant and Banack 1999) ; and colonies from a few hundred to 200,000 individuals and multiple males and females or leks in gray-headed flying foxes (P. poliocephalus-Eby 1991; Eby et al. 1999; McCracken and Wilkinson 2000; Nelson 1965a; Welbergen 2005) .
Roosting behavior of flying foxes is linked to their mating system. The seasonal breakup of aggregations occurs after the mating season of P. poliocephalus (Nelson 1965b; Parry-Jones and Augee 2001; Welbergen 2005) . Although a considerable amount of food in cultivated plants is available in the Sydney (New South Wales, Australia) area year-round, the number of resident P. poliocephalus fluctuates in colonial roosts, suggesting that aggregation of P. poliocephalus is also related to their reproductive cycle, which is adjusted according to uncertainty in food availability produced by native plants (Parry-Jones and Augee 2001). Welbergen (2005) suggested that part of the reason for coloniality in P. poliocephalus is mate selection by individuals, and it does not necessarily benefit the aggregating individuals.
The Bonin flying fox (P. pselaphon) is endemic to the Ogasawara (Bonin) Islands, which are oceanic islands located in a subtropical region of Japan. P. pselaphon is one of the flying fox species at the northern limits of the distributional range of Pteropus. The fur color of both sexes is fundamentally black and partly brown, sprinkled with short, silvery, grayish white tips (Yoshiyuki 1989) . Forearm length and body mass have been reported as 143 mm 6 0 SD and 570 g 6 17.3 SD, respectively, for 3 males, and 135 6 2.8 mm and 445 6 42.4 g for 2 females (Abe et al. 1994) . Because flying foxes forage on commercial fruits and plants, they impact local agriculture (Inaba et al. 2002 (Inaba et al. , 2004 . The Bonin flying fox was designated by the government of Japan as a protected animal in 1969 and has been categorized as Critically Endangered on the Red List (Ishii 2000) .
Little information is available on the population size of P. pselaphon despite its status as a protected animal. Population size of Bonin flying foxes finally began to be monitored on Chichi-jima Island a decade ago (Inaba et al. 2002; Ogasawara Board of Education 1999) and was found to be very small (approximately 80 individuals -Inaba et al. 2002) . The population was assumed to contain about 150 individuals after 1997, but it rapidly decreased to about 65-80 individuals in 2002, signaling a major threat of extinction in the near future (Inaba et al. 2002) . It is not clear what caused this decline, but Bonin flying foxes often entangle their wings and claws in goat-exclosure nets in agricultural fields and are subject to predation by domestic cats (Inaba et al. 2002) .
Bonin flying foxes form a colonial roost in the Ogiura area on Chichi-jima in winter (Abe et al. 1994; Ogasawara Board of Education 1999) . The winter colonial roost has been used every year in almost the same place for at least 25 years (H. Chiba, Institute of Boninology, pers. comm.). Although most Bonin flying foxes leave the Ogiura area in summer, several individuals remain at the site (Ogasawara Board of Education 1999) . After Bonin flying foxes disperse from winter colonial roosts, the location and composition of summer roosts are unknown.
Bonin flying foxes form dense, ball-shaped clusters in the winter colonial roost during the daytime (Abe et al. 1994) . Clustering behavior also has been observed in the little red flying fox (P. scapulatus) in cool weather (Bartholomew et al. 1964 ) and in P. poliocephalus in temperature extremes (Welbergen 2005) ; however, ball-shaped clustering has never been observed in other species of Pteropus.
Studying diurnal roosting behavior is important to illustrate the social organization of flying foxes because they usually rest, groom, interact, mate, and care for young at a diurnal roost (Markus 2002; Markus and Blackshaw 2002; Nelson 1965a) . Little is known about the ecological function of this unique roosting behavior of Bonin flying foxes. In this paper, we describe the seasonal roosting pattern of P. pselaphon, clarify social organization in a winter colonial roost, and show that the roosting pattern is influenced by reproductive events of the species.
MATERIALS AND METHODS
Study site.-The field investigation was conducted on Chichi-jima (278N, 1428E), an oceanic island belonging to Ogasawara (Bonin) Islands and located about 1,000 km south of Tokyo. The island is about 23.80 km 2 in area (7 km long Â 5 km across at the widest point). The highest summit is 326 m above sea level, and the topography is complex with deeply undulating hills. Before World War II, most areas with suitable soils and terrain were occupied by agricultural fields, but those areas have now become 2nd-growth forest (Shimizu 2003 (Shimizu 2003) .
The presence of a winter colonial roost of P. pselaphon has been noted in the Ogiura area on the western side of Chichijima. The roost was located in a shallow valley near the seashore (Abe et al. 1994; Ogasawara Board of Education 1999) , and the surrounding vegetation consisted of a 2nd-growth forest with a tree canopy from 10 to 15 m in height. Vegetation of the colonial roost is described in Table 1 . Plants were classified according to Toyoda (1981) .
Capture.-Capture of animals was conducted 8 times: August and October 2002; February, June, August, November, and December 2003; and March 2004 . Capture sites were scattered across the island to avoid sampling bias. Preceding capture, we fed bananas or mandarins or both to the Bonin flying foxes for several days to get them accustomed to the capture sites, which included feeding stations made of timber and branches. Because the Bonin flying foxes did not fear humans greatly and moved slowly during foraging, to avoid injuring them, we caught them by hand without any equipment. Captured animals were brought to a laboratory near the site, where we determined their sex and age, and measured forearm length and body mass. Sex and age were determined as follows: individuals with a forearm length ,125 mm were recorded as pups, those with a penis and testes evident were adult males, those with nipples evident and no penis were adult females, and those qualifying as neither pup nor adult were subadults. All animals were released near the capture site. All procedures met guidelines approved by the American Society of Mammalogists (Gannon et al. 2007) .
To identify individuals during each capture session, we injected a transponder into each of the 107 individuals when first captured, but not recaptured. To facilitate identification of individuals by age and sex during observations, we attached a numbered rubber plate on the back of 34 individuals (16 and 18 individuals in December 2003 and March 2004, respectively) and bleached the fur on the head of 24 individuals (6, 2, 3, 4, and 9 individuals in June, August, November, and December 2003, and March 2004, respectively) . The numbered plates were made of rubber plates (20 Â 15 Â 2 mm) and colored adhesive sheets, attached with instant adhesive (Toagosei Co. Ltd., Tokyo, Japan) to the fur. We bleached the fur of the head with small dots, like braille.
Radiotracking.-We used 2 types of transmitters: radiotags and radiocollars. The radiotags were cylindrical, 3 cm long, with a weight of 11 g (Advanced Telemetry Systems, Inc., Isanti, Minnesota). Radiocollars consisted of radiotransmitters (16, 11, and 6 g) and neoprene-impregnated cotton duck belting (Advanced Telemetry Systems, Inc.). The 16-and 11-g transmitters were expected to work for at least 6 months; those weighing 6 g typically last at least 4 months.
Individuals heavier than 349 g were used for radiotracking. In the early study period (October 2003 and February 2004) , radiotags were used to track roosts of Bonin flying foxes. The radiotags were attached to animal with instant adhesive (Toagosei Co. Ltd.) on the fur, but all radiotags fell off within a month. Subsequently, in June 2003, we used radiocollars and provided adequate clearance by loosely wrapping the collars around the neck.
We radiocollared or radiotagged 31 individuals. Bonin flying foxes in the roost were tracked from roads and trails by a receiver (AOR, Ltd., Tokyo, Japan) with a 2-element yagi antenna (Architech, Ltd., Tokyo, Japan) or a small whip antenna (range , 30 m). Radiotracking was conducted from Dispersed roost sites also were located by triangulation with the radiotransmitters. We determined locations precisely with the small antenna by approaching sites located by triangulation on walks. We failed several times to triangulate the precise location, presumably because of diffused reflection of radiowaves within complex landforms. In such cases, roost sites were approximated from the landform and relative intensity of radiowaves. To show the stability of roost use, we calculated a fidelity index by dividing the number of days in which their radiosignals were received by the number of days in a location frequently used for a roost. We expected the radiotransmitters to be removed by the deterioration of adhesive and collars within the study period. All radiotags and most collars were dropped by the end of the study, but difficulty with recapture of particular Bonin flying foxes forced us to abandon the removal of some collars.
Counts Observations.-To investigate the sex and age structure at roosts and its role in winter colonial roosts and dispersal to summer roosts, we directly observed behavior (e.g., copulation) and identified the sex and age of the Bonin flying foxes in the roosts. Observations to identify sex and age structure were conducted between July and We carefully approached the roosts so as not to disturb resting Bonin flying foxes and observed animals with binoculars (10 Â 50 and 12 Â 40, Nikon Vision Co., Ltd., Tokyo, Japan) at a distance of about 20 m. In a winter colonial roost, we divided the area into 6 parts for the convenience of observation because our view was sometimes obstructed by foliage. We recorded the sex and age of each individual. Almost all P. pselaphon formed ball-shaped clusters in a colonial roost. For this reason, it was difficult to distinguish sex and age immediately, so we maintained observation of focal animals until they exited from the ball or the ball collapsed. After repeating the same observations all day long, we used the best data of the day when the number of individuals of undetermined sex was minimal. The numbered rubber plates and bleached fur were accessorily used for determining sex and age. To investigate differences in the frequency of copulation behavior among groups, we counted the number of copulations per day (0730-1700 h). Because ejaculation could not be observed directly, copulation behavior defined in this study included copulation attempts, licking by males in the female genital region, and mounting. Description of copulation sequences followed Grant and Banack (1999) , Markus (2002) , and Nelson (1965a) .
RESULTS
Roosting sites and sizes.-Radiotagged and radiocollared P. Fig. 1 ). In winter of the 1st year of this study, a colonial roost formed in a valley in the Ogiura area and in the following year, another roost formed on a mountain slope along a creek on the eastern side of the area (Fig. 1) . The vegetation of these areas is described in Table 1 . Solitary roosts occurred in October 2002 and between June and November 2003. We found solitary roosts of 3 individuals with radiocollars (F2, F3, and F7), which were located on mountain slope. Females F3 and F7 used trees with dense canopies for well-concealed roosts (Table 1 ). The degree of fidelity to roosting sites varied among individuals ( Table 2) .
The aggregation process of Bonin flying foxes in a colonial roost was continuously recorded. We first observed 17 individuals roosting in the Ogiura area in mid-October 2002. Another colonial roost was formed at a different site at Ogiura in January 2003. Although the number of roosting individuals varied seasonally, the colonial roost was maintained continuously until 28 April 2003 (Fig. 2a) . In the 2nd year of our study, we first observed several dozen flying foxes in the (Fig. 2b) .
Clustering in the winter colonial roost.-In winter 2003-2004, a colonial roost was formed in the Ogiura area; the area of the roosting site was about 150 Â 50 m. Although bat clusters were scattered in the roost, concentrations were observed on some trees. Six roosting groups (A, B, C, D, E, and F) were identified in the roost (Figs. 2 and 3) . We classified the groups into 3 categories by sex and age: a ''female group'' consisting of multiple females and a few adult males (A), ''male groups'' of multiple adult and subadult males (B, D, E, and F), and a ''subadult group'' of multiple subadults of both sexes (C; Fig.  3b ).
Copulations were frequently recorded in the colonial roost in winter. The number of copulations per day ranged from 2 to 27 (12.68 6 8.08 SD) in the female group, from 0 to 1 (0.13 6 0.35) in the male group, and from 0 to 2 (0.57 6 0.79) in the subadult group. We did not observe any visits by Bonin flying foxes to other individuals in solitary roosts in summer that might have resulted in copulations at that time.
Seasonal variation in age structure.-We caught a total of 144 flying foxes during the study period; not including recaptures, the number of individuals was 121 (58 males and 63 females). We found pups during capture and observation phases of the study. The proportion of pups captured was 32% (Fig. 4) . The proportion of pups differed significantly among the capture sessions (Fisher's exact test, P , 0.05). Forearm length of the pups ranged from 115.6 to 123.0 mm (119.7 6 2.6 mm) in August and from 115.5 to 122.3 mm (120.1 6 2.7 mm) in December, and was 123. We found a lactating female with a newborn pup at a tree used for the colonial roost on 29 April 2003 and another female with a pup, which was approximately the same size as the female and clung to her nipples, on 11 February 2004. Females F3 and F9 were nursing, because milk was expressed from their nipples when they were captured, and F3 held an infant on the side of her abdomen in the summer roosts (Table 2) .
DISCUSSION
Examination of the radiotracking data indicates a clear seasonal dispersion pattern among Bonin flying foxes (Fig. 1) . According to population counts, the colonial roosts included about 100 animals in the winter season (Fig. 2) . These results concur with reports on the roosts of Bonin flying foxes in 1993 and 1998-1999 by Abe et al. (1994) and the Ogasawara Board of Education (1999), respectively. According to data from monthly counts of their dusk fly-outs in the Ogiura area, several Bonin flying foxes were reported to continue aggregating in summer (Ogasawara Board of Education 1999). However, colonial roosts were not found in summer in our study; instead we discovered scattered summer roosts of solitary or nursing individuals ( Fig. 1; Table 2 ). Although the number of resident Bonin flying foxes in Ogiura may fluctuate annually, evidence suggests that they aggregate at the colonial roost in winter and disperse in summer every year. Seasonal migration and the breakup of aggregations have been known in flying foxes in Australia, suggesting that fluctuating colony populations are linked to seasonal changes in the quantity and distribution of food resources or to their reproductive cycle or to both (Eby 1991; Fleming and Eby 2003; Nelson 1965b; Parry-Jones and Augee 2001; Spencer et al. 1991; Vardon and Tidemann 1999; Welbergen 2005 ). The population of Bonin flying foxes in a winter colonial roost was divided into 3 groups by sex and age (Fig. 3) . The results indicate that Bonin flying foxes are highly social. Most copulations were observed in the female group, which was composed of multiple females and a few males. A cluster in a female group was composed of an adult male and multiple females; however, it was uncertain whether the membership of a cluster was stable, because of incomplete identification (Sugita 2004) . The social system of colonial roosts of the Bonin flying fox therefore appears to resemble that of other flying fox species having harem groups (e.g., Grant and Banack 1999; Wiles 1987) . P. tonganus forms harem groups and colonial roosts throughout the year (Grant and Banack 1999) , whereas P. pselaphon exhibits seasonal mating behavior in winter colonial roosts. We suggest that males in female groups are harem holders, and that such males monopolize copulations with the females that form a cluster.
A dissimilarity between the resting style of Bonin flying foxes and other flying foxes is the formation of ball-shaped clusters. This shape was observed in all winter colonial roosts, but not in the summer roosts in this study. Some species of bats use torpor, and clustering in the roost can decrease energy consumption by reducing oxygen consumption and loss of body temperature (Kunz and Lumsden 2003) . Some species of Pteropus regulate body temperatures from 358C to 398C when exposed to ambient temperatures between 08C and 408C (Bartholomew et al. 1964; McNab and Bonaccorso 1995; Ochoa-Acuña and Kunz 1999) . In cool temperatures, flying foxes wrap their wings around their bodies for warmth (Speakman and Thomas 2003) , and P. scapulatus huddles in roost trees (Bartholomew et al. 1964; Martin et al. 1995) . As one of the northernmost species of Pteropus, clustering behavior functions similarly for P. pselaphon, fundamentally to maintain body temperature and incidentally to influence social organization. Captive northern Ryukyu flying foxes (P. dasymallus dasymallus), at the northern limit (308N) of their range, decrease their body temperature and activity level during severe winter conditions (Funakoshi et al. 1991 ). Because we could not exclude the possibility that P. pselaphon physiologically adapts to low temperatures, body temperature and oxygen consumption rate of captive P. pselaphon must be measured.
Most pups were caught in August and December with several exceptions (Fig. 4) . Based on the duration of pregnancy and the growth curves of P. scapulatus, which are approximately the same size as P. pselaphon, and P. poliocephalus (Martin et al. 1995; Nelson 1965b; O'Brien 1993) , we estimated that the pregnancy period of P. pselaphon was about 5-7 months and that pups captured in August and in December were 2 months old. The pups were likely conceived during copulations in the winter colonial roost. The proportion of pups captured at various times during this study suggests that the birth period of Bonin flying foxes is seasonal and ranges from May to October. The capture times in this study were irregular, so it is not clear whether the birth period was synchronized. Bonin flying foxes should be regularly captured and observed to understand their precise reproductive cycle.
We also caught several pups in winter (February and March; Fig. 4 ) and observed a newborn pup in April 2004 and a large pup approximately the same size as the nursing female in February in the winter colonial roosts. The matings that produced those pups seemed to differ from the period of winter colonial roosts. Although we observed 3 radiocollared individuals in summer roosts, we never observed any mating behavior at that time. We could not exclude the possibility that mating occurred in other roosts or during the night. Screeches like those accompanying normal copulation behavior often were heard at night year-round. Females bearing those pups probably mated in the summer at night. It is likely that P. pselaphon has the ability to breed year-round, although this species appears to be a seasonal breeder. Almost all P. pselaphon on the island aggregated in the colonial roost (Inaba et al. 2002; Ogasawara Board of Education 1999) and formed clusters that are related to their mating system, so that winter colonial roosts provide a good opportunity for mating.
There are some alternative hypotheses regarding that the aggregation behavior of Bonin flying foxes and its evolution. First, the colonial roost of birds and bats could be a center where information about the location or quality of food resources is transferred among members (Ward and Zahavi 1973; Wilkinson 1992) . However, the winter colonial roosts may not play such a role. The area of the island where we studied Bonin flying foxes was very small (only 28.80 km 2 ), and the foraging range of P. pselaphon was not limited to a small fraction of Chichijima according to the contents of pellets and feces (Ogasawara Board of Education 1999) . Considering that P. pselaphon is likely to be highly mobile, as are other Pteropus species (Banack and Grant 2002; Nelson 1965a; Palmer and Woinarski 1999; Richards 1995; Spencer et al. 1991; Tidemann and Nelson 2004) , the island is too small to regard the seasonal shift to colonial roosts as a response to a transition in foraging sites. Foraging efficiency may not lead to aggregation of P. pselaphon, especially for the population on Chichi-jima.
It is also possible that P. pselaphon aggregates in winter colonial roosts to reduce the risk of predation. However, no dangerous predators of Bonin flying foxes occur on the island. Although some raptors, for example, the goshawk (Accipiter gentilis), the Eurasian sparrowhawk (A. nisus), the Japanese sparrowhawk (A. gularis), and the peregrine falcon (Falco peregrines) are occasional visitors to the island in winter (Ornithological Society of Japan 2000), the density of these raptors is very low. The Ogasawara buzzard (Buteo buteo toyoshimai) is a resident, but it is not reported to prey on P. pselaphon (Kato and Suzuki 2005) . Even when the buzzards soared over a winter colonial roost, neither surveillance nor vigilance was exhibited by the flying foxes (N. Sugita, pers. obs.) . Thus, such raptors do not appear to be dangerous predators of flying foxes.
In summary, we found that P. pselaphon formed colonial roosts in winter and dispersed roosts in summer. The seasonal roosting pattern of P. pselaphon is thought to affect the breeding cycle. Our results suggest that aggregation in the winter colonial roosts is not a consequence of foraging efficiency or predator avoidance because Chichi-jima is small and has few predators. In this case, roosting facilitates social interaction for mating and clustering. The winter colonial roost plays an important role as a mating site of this threatened flying fox. Bonin flying foxes have a unique social organization related to mating in winter colonial roosts.
